Diffuse intrinsic pontine glioma is the most common brainstem tumor in pediatric patients. This tumor remains one of the most deadly pediatric brain tumors. The diagnosis primarily relies on clinical symptoms and imaging findings. Conventional MRI provides a noninvasive accurate method of diagnosis of these tumors. Advanced MRI techniques are becoming more widely used and studied as additional noninvasive methods to assist clinicians in initial diagnosis and staging, monitoring disease, as well as in surgical and radiation planning. This article will provide an overview of DIPG and describe the typical imaging findings with a focus on advanced imaging techniques.
Diffuse intrinsic pontine glioma is the most common brainstem tumor in pediatric patients, accounting for approximately 80%. 1 This tumor remains one of the most deadly pediatric brain tumors, with mean survival of less than 12 months. 2 The diagnosis primarily relies on clinical symptoms and imaging findings, as surgery is not routinely performed. Radiotherapy remains the mainstay of therapy. Despite attempts at new forms of chemotherapy, the survival time has not improved over many years.
In this article the authors provide an overview of diffuse intrinsic pontine glioma and describe the typical imaging findings with a focus on advanced imaging techniques. These techniques will be described and examples will be provided from diffuse intrinsic pontine glioma patients seen at the authors' institution. Advanced imaging techniques complement conventional magnetic resonance imaging (MRI) and help to define the metabolic and physiologic make-up of these tumors.
Clinical Presentation
Brainstem tumors represent only 12.4% of all primary tumors of the central nervous system in children 14 years, but are responsible for the greatest proportion of deaths at 37.9%. 3 Various types of brainstem gliomas have been described but they can be separated into 3 main categories: diffuse intrinsic pontine glioma, posterior exophytic/cervicomedullary gliomas, and focal tectal gliomas. 4 The most common of these primary brainstem tumors are diffuse intrinsic pontine glioma at 80%. Diffuse intrinsic pontine gliomas can occur in any age group but are most common in children, affecting approximately 200-300 children/year in the United States. The median age at diagnosis is 6 to 7 years. 5 Patients usually present with a classic triad of symptoms, consisting of cranial nerve deficits, long tract signs, and ataxia. 1 These symptoms usually develop acutely (<1 month), but some patients may have more subtle complaints over several months. Patients may also demonstrate signs and symptoms from acute obstructive hydrocephalus due to compression of the fourth ventricle.
Pathology
Most patients do not undergo biopsy or resection of their tumor, due to its difficult location and essential functions. Some centers have begun incorporating stereotactic biopsy for pathologic diagnosis with low morbidity. 6 The available histology has revealed that most of these diffuse intrinsic pontine gliomas are fibrillary astrocytomas, with high-grade astrocytomas demonstrating anaplasia, necrosis, vascular proliferation and increased mitoses. 7, 8 Less common are low-grade astrocytomas and pilocytic astrocytomas.
Unprecedented advances in genomic technology have made possible many modern improvements in cancer outcomes. Unlike other cancers, the scarcity of diffuse intrinsic pontine glioma tissue available for analysis has thus far hindered efforts to better understand the molecular and genetic underpinnings of this deadly disease. The Pediatric Cancer Genome Project recently launched a major effort to obtain tumor tissue at autopsy for basic research. Researchers found that mutations in H3F3A or HIST1H3B (encoding histones H3.3 and H3.1, respectively) occur in 78% of diffuse intrinsic pontine gliomas but only in 22% of nonbrainstem pediatric glioblastomas. 9 Histone H3 has complex roles that may influence gene expression and epigenetic regulations. These and other still to be discovered mutations may improve understanding of diffuse intrinsic pontine glioma biology and its differences from tumors located outside the brainstem or similar tumors in adults, and hopefully enable precision treatments to improve patient survival.
Imaging Findings
Patients presenting with the classic symptoms described above are usually sent for MRI as the next step in the diagnostic work-up. Conventional MRI provides a noninvasive accurate method of diagnosis of these tumors. Diffuse intrinsic pontine gliomas are expansile infiltrative tumors centered in the pons, often extending laterally to the middle cerebellar peduncles, cranially to the midbrain, and caudally to the medulla (Figure 1 ). Exophytic growth of the tumors into the prepontine cistern occurs frequently, and the tumors can also engulf the basilar artery ( Figure 2 ). The tumors are hyperintense on T2-weighted and fluid-attenuated inversion recovery images, and isointense or hypointense on T1-weighted images. Contrast-enhanced images usually show no enhancement or only mild heterogeneous enhancement ( Figure 3 , Figure 4 ). Contrast enhancement of the tumor has been shown to be correlated with survival. Poussaint et al 10 found that enhancement of diffuse intrinsic pontine glioma, at initial imaging as well increased enhancement over time, was associated with reduced survival. Jansen and colleagues 11 found similar results, and demonstrated that ring enhancement of the tumor was a negative predictor of overall survival.
Other authors, however, have found that conventional MRI has not shown good correlation between imaging findings and prognosis. 12 There is continued research into the use of advanced imaging techniques to assist in the noninvasive evaluation of diffuse intrinsic pontine glioma patients at initial diagnosis, as well as in monitoring response to therapy. These techniques can assist in defining the metabolic characteristics and better define the anatomy of these tumors. With increased interest in obtaining biopsy of these tumors, advanced imaging has also been studied as a method to guide stereotactic biopsy to target the most malignant portions.
Magnetic Resonance Spectroscopy
Magnetic resonance spectroscopy is an advanced imaging technique that measures concentrations of metabolites in brain tissue. The major metabolites measured include choline (Cho), creatine (Cr), N-acetyl-aspartate (NAA), lactate, and lipids. Choline is found in cell membranes and is usually increased in tumors due to increased cell turnover. Creatine is related to energy pathways in the cell and tends to decrease in tumors. NAA is found in neurons and is generally a marker of cell integrity and is therefore decreased in tumors. Lactate increases in hypoxic conditions, which can occur in tumors. Lipids can also increase in tumor. 13 Citrate is a metabolite that has recently been examined with respect to pediatric brain tumors and may be associated with hypoxic conditions. Citrate has been shown to be elevated in diffuse intrinsic pontine glioma. 14, 15 This noninvasive imaging technique has been commonly used to evaluate adult brain tumors. Magnetic resonance spectroscopy results can provide ratios between levels of the different metabolites. These ratios have been used to predict tumor grades. Cho: NAA and Cho: Cr ratios have been shown to be highly sensitive in differentiating between high-grade versus low-grade gliomas. 16 There has been increased interest in the use of magnetic resonance spectroscopy to evaluate pediatric posterior fossa tumors. This technique has traditionally been limited in evaluation of posterior fossa tumors due to the small size of structures in the posterior fossa, as well as due to the interfaces between brain, air, bone, and fat which result in artifact. Recent advances in magnetic resonance spectroscopy have helped to overcome many of these technical limitations, and several recent studies have shown the utility of magnetic resonance spectroscopy in evaluating pediatric posterior fossa tumors. Steffen-Smith et al 17 evaluated diffuse intrinsic pontine glioma patients with magnetic resonance spectroscopy and demonstrated that the Cho: NAA ratio has prognostic value and was able to determine which patients were at high-risk and likely to have shorter overall survival.
Magnetic resonance spectroscopy has also shown promise in monitoring diffuse intrinsic pontine glioma tumors to evaluate for positive treatment response or treatment-related changes versus progression of disease. Thakur and colleagues 18 showed how Cho: NAA and Cho: Cr ratios could be used to determine areas of disease progression versus radiation necrosis using magnetic resonance spectroscopy on follow-up studies after treatment. They also suggested that this technique could provide an estimate of tumor grade/aggressiveness, with more malignant areas demonstrating increased Cho ratios ( Figure 6 ).
Magnetic Resonance Perfusion
Magnetic resonance perfusion provides the noninvasive evaluation of hemodynamic parameters and vascularity of brain tumors such as diffuse intrinsic pontine glioma. This technique measures variables such as blood volume and blood flow to the region of interest. The 2 main types of magnetic resonance perfusion are dynamic susceptibility contrast-enhanced MRI, using a T2*-weighted sequence, and dynamic contrastenhanced MRI, using a T1-weighted sequence. In dynamic susceptibility contrast-enhanced imaging, successive images are acquired after gadolinium contrast administration and the decrease in T2*signal is measured over time. This decrease in signal is proportional to the concentration of gadolinium in tissue and the signal-time curve can be used to calculate relative cerebral blood volume. Dynamic susceptibility contrastenhanced imaging has historically been the more commonly used method for neuroimaging. 19, 20 This technique may be limited by factors that cause susceptibility artifact including blood, calcium, and brain-bone-air interfaces. 21 In dynamic contrast-enhanced imaging, successive images are acquired after gadolinium contrast is administered and allowed to extravasate into the extracellular space as a way to measure vessel permeability, in addition to perfusion. At their institution, the authors use the dynamic contrast-enhanced technique as the benefits include better spatial resolution and less susceptibility artifact. 22 The susceptibility artifact is most commonly due to hemorrhage and mineralization which frequently occurs in brain tumors, either as a function of the tumor itself or due to post treatment changes. This technique is also less susceptible to artifact from large vessels or osseous structures. Areas of high-grade tumor often demonstrate increased leakiness from altered blood-brain barrier and permeability on Ktrans maps and increased perfusion from neoangiogenesis on plasma volume maps ( Figure 5 ).
Magnetic resonance perfusion has been used to help differentiate between higher and lower grade tumors as well as to help differentiate between recurrent tumor or areas of radiation necrosis or other posttreatment changes. Magnetic resonance perfusion is also commonly used to follow treatment response of brain tumors. In a study by Hipp et al, 23 increased perfusion of diffuse intrinsic pontine glioma at baseline and at any time during follow-up was associated with reduced survival. In another study, Lobel and colleagues 24 used magnetic resonance perfusion to evaluate heterogeneous areas within the diffuse intrinsic pontine glioma. They found higher relative cerebral blood volume, corresponding to increased vascularity, in areas of potential anaplasia. The authors suggested that identifying these areas of focal anaplasia within a diffuse intrinsic pontine glioma may be helpful in staging the disease, in guiding stereotactic biopsy, and also in following treatment response.
Diffusion/Diffusion Tensor Imaging
Diffusion MRI is a technique that evaluates the molecular motion of water in tissues, which can be abnormal in brain tumors. 25 Diffusion imaging has been studied for use with diffuse intrinsic pontine glioma. Areas of restricted diffusion within a tumor have shown correlation with regions of both elevated perfusion and contrast enhancement, respectively. 10, 24 Yeom and colleagues found that diffusion MRI may help to identify subgroups of diffuse intrinsic pontine glioma patients with clinically more aggressive tumors. 26 Diffusion tensor imaging is an advanced imaging technique that evaluates white matter tracts in the brain. Infiltration or displacement of these fiber tracts by tumor can be detected by changes in the diffusion of water along the tracts, which is measured by fractional anisotropy. Diffusion tensor imaging is currently under investigation as an imaging technique for initial diagnosis of brain tumors, as well for monitoring treatment response.
In a recent study by Giussani et al, 27 diffusion tensor imaging was able to differentiate between diffuse intrinsic pontine glioma and demyelinating disease in 2 groups of patients. The authors found that in the diffuse intrinsic pontine glioma group, the white matter tracts in the brainstem were displaced, whereas in the demyelinating disease group, there was a paucity of white matter tracts which were truncated. Another group studied white matter tracts in the brainstem of diffuse intrinsic pontine glioma patients before and after radiation and drug therapy. They found that diffuse intrinsic pontine glioma initially infiltrated and displaced the fiber tracts without complete disruption. After treatment, the tracts demonstrated some improvement in infiltration. With disease progression, however, the fiber tracts were ultimately completely disrupted by tumor infiltration. 28 Although more studies need to be performed, diffusion tensor imaging may be useful in evaluating patients with diffuse intrinsic pontine glioma. This technique can supplement conventional MRI during initial diagnosis and shows promise as a noninvasive method to follow treatment response ( Figure 6 ).
Positron Emission Tomography (PET)
PET is commonly used in oncologic imaging to evaluate metabolic activity of tumors. There has been increased interest in the use of PET to evaluate pediatric brainstem tumors. PET with 2-deoxy-2-[fluorine-18]fluoro-D-glucose (FDG), a glucose analogue, is the most commonly used technique. Kwon et al 29 studied a group of patients with brainstem gliomas of different histologic grades using FDG PET. They found that hypermetabolic tumors more likely reflected glioblastoma, compared to anaplastic astrocytoma or low-grade astrocytoma. Another group used FDG and 11 C-methionine PET guidance in performing stereotactic biopsy of brainstem tumors in children. They found that PET guidance increased the diagnostic yield of biopsy. In addition, all tumors with increased metabolic activity were malignant and associated with shorter survival than tumors with absent or moderate activity. 30 More recently, Zukotynski et al 31 found that increased FDG uptake in 50% or more of a diffuse intrinsic pontine glioma correlated with shorter progression free survival and overall survival, compared to patients in which hypermetabolism was found in less than 50% of the tumor. These authors also found that increased metabolic activity in the tumor compared to gray matter suggested decreased survival. Therefore, PET is another imaging technique which shows promise in predicting tumor grade and prognosis, as well as in planning for stereotactic biopsy. The most commonly used radiotracer remains FDG, although its application remains limited by high background uptake in normal brain, which uses glucose as its preferred substrate. Further advances in PET are likely with the evolution of newer amino acid, protein, DNA, and ischemia analog radiotracers.
Treatment
Diffuse intrinsic pontine gliomas are unresectable tumors due to their location in the brainstem and infiltrative nature. In addition, MRI is usually diagnostic so biopsy was often considered unnecessary and unlikely to change management. In recent years, however, there has been renewed interest in performing biopsy of these tumors with several groups increasingly advocated the safety and high diagnostic yield of biopsy. 6, 32, 33 Potential benefits of biopsy include confirming the diagnosis in cases with indeterminate radiologic findings, determining specific histological characteristics to allow administration of targeted therapy, and to help in the research efforts of this tumor.
Conventional radiation therapy is the main form of treatment for diffuse intrinsic pontine glioma. Trials using hyperfractionated radiation have not been shown to change overall survival or morbidity. Mandell et al 34 compared the effectiveness of conventional versus hyperfractionated radiotherapy in the treatment of diffuse intrinsic pontine glioma. Patients were treated with either once a day treatment of 180 cGy per fraction to a total dose of 5400 cGy or a twice a day treatment of 117 cGy per fraction to a total dose of 7020 cGy. There was no reduction in the time to progression and no decrease in overall survival in either group.
The use of temozolomide and other radiosensitizing chemotherapy agents have not shown much benefit to date in terms of increasing overall survival. 35 No chemotherapeutic agent has yet to be shown more effective than radiation alone. 36 Newer therapies such as convection-enhanced delivery of chemotherapeutic agents have shown promise. Convectionenhanced delivery consists of the administration of medication directly into the tumor via a catheter placed surgically into the brainstem. 37 This novel treatment is still undergoing trials and is not currently accepted as standard treatment. Another one of these novel treatment methods includes immunotherapy, which aims to induce an active systemic immune response against a tumor. Pollack and colleagues 38 recently showed clinical response in a group of diffuse intrinsic pontine glioma patients using a subcutaneous vaccination targeting glioma-associated antigen epitopes associated with pediatric gliomas.
Conclusion
Diffuse intrinsic pontine glioma is a common brainstem tumor in children and remains one of the more aggressive tumors, with few patients surviving beyond 1 year after diagnosis. There has been little change in the poor prognosis of these tumors over the past 20 years. The combination of clinical symptoms and typical MRI findings allows a confident diagnosis in most cases. Classic findings on conventional MRI help to make the initial diagnosis. However, advanced MRI techniques are becoming more widely used and studied as additional noninvasive methods to assist clinicians in initial diagnosis and staging, monitoring disease, as well as in surgical and radiation planning. Conventional radiotherapy remains the mainstay of treatment, although novel methods of therapy such as administration of chemotherapy directly into the tumor with convection-enhanced delivery as well as immunotherapy are currently under investigation. The growing adoption of safe surgical sampling and treatment, and greater understanding of the genetic and molecular alterations that direct the biology of these tumors are likely to propel future advances in patient survival.
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